Abstract: A review of significant investigations reported on simulating the nucleation and growth processes of carbon nanotubes (CNTs) using different modeling techniques is presented here. Special emphasis is given to the chemical vapor deposition method, being the cheapest and most versatile of the fabrication methods. The modeling methods involve the conventional computational fluid dynamics approaches as well as discrete computation techniques. Some in-house investigations utilizing chemical kinetic modeling and discrete computations to predict the growth of CNTs using the chemical vapor deposition method are also discussed. The modeling and simulation techniques reviewed here are expected to assist in the design of chirality-specific single-walled CNT synthesis systems.
Introduction
Carbon nanotubes (CNTs) are one of the most promising among novel materials because of their remarkable properties. Intensive research is being undertaken to improve the synthesis methods, quality and productivity of CNTs, with interesting results and conclusions. Even though it is one of the most promising nanomaterials, there are many challenges in its fabrication. It has been found that the production of aligned CNTs is a difficult process, and also that a controlled growth of single-walled carbon nanotubes (SWCNTs), with prescribed diameter and helicity cannot be easily accomplished. Because of these reasons, several investigations have recently been devoted to understanding the nucleation and growth phenomena in CNTs. The chirality, twists and diameter of nanotubes decide all of their physical properties. This emphasizes the necessity of developing theoretical models which connect the process parameters to the nanotube structure, in predicting the structure and fabricating nanotubes with desired structures. A clear understanding of the growth mechanism and production methods of nanotubes is essential in this context.
A detailed review of significant efforts reported in theoretical modeling of CNT synthesis is presented in this paper (Tables 1 -3 ). The reported investigations mainly focus on the control of the geometrical structure of CNTs and optimization of process parameters. In addition to this, some in-house investigations which involve theoretical modeling, consisting of chemical kinetic modeling and molecular computation, to obtain optimized parameters for the chemical vapor deposition (CVD) process have also been discussed.
Commercial synthesis methods
The first attempts to produce CNTs involved the use of high temperature preparation methods [58 -65] such as the arc discharge method or laser ablation technique. Presently, owing to technological advances in the area, CNTs are being synthesized using CVD, flame synthesis, sonochemical method, ball milling and various other techniques [66 -76] . Among these, the arc discharge method, laser ablation and CVD are commonly used for commercial purposes.
In the arc discharge method, a potential of 20 -25 V is applied across carbon electrodes of 5 -20 mm diameter, separated by 1 mm, and placed in a 500 Torr pressure of flowing helium. Carbon atoms are ejected from the positive electrode, forming nanotubes on the negative electrode [76] . In the laser ablation method, a quartz tube containing argon gas and a graphite target is heated to 1200 ° C. A water-cooled copper collector is placed inside the tube, which is used to collect the CNTs. The graphite target contains small amounts of cobalt and nickel that act as catalytic nucleation sites in the formation of the tubes. An intense pulsed laser beam is incident on the target, evaporating carbon from the graphite. The argon Table 1 Summary of chemical kinetics modeling of carbon nanotube synthesis. Investigation
Features of simulation

Observations and conclusions
References
Effect of carbonyl bond, metal cluster dissociation and evaporation rates on predictions of nanotube production in high-pressure carbon monoxide
Lumped cluster model -If CO reacts with metal clusters and removes atoms from them by forming MeCO, this has the effect of enhancing the evaporation rate and reducing SWCNT production [1] Iron catalyst chemistry in modeling a high-pressure carbon monoxide CNT reactor Gopinath and Gore (2007) [5] Gas-phase synthesis of SWCNTs on iron catalyst particles
Simple models for gas-phase synthesis -The first model allows nanotubes to form once a catalyst particle reaches the saturation condition -The second model only allows nanotubes to form on the collision of two saturated particles Celnik et al. (2008) [6] Study of multi-walled carbon nanotube synthesis by CVD Kinetic model for elementary reactions -Obtained a better understanding of elementary steps involved in the production of CNTs Pirard et al. (2007) [7] Effect of temperature on the kinetics of acetylene decomposition over reduced iron oxide catalyst
Simple model based on weight -Revealed that the crystal size of iron oxide and decomposition temperature have a significant effect on the percentage yield of carbon deposited Khedr et al. (2008) [8] Mechanism and kinetics of growth termination in controlled CVD growth of
MWCNT arrays
Chemical kinetics model -Explained the influence of partial pressures of ethylene and hydrogen on ethylene decomposition and growth rate as a function of total process pressure Stadermann et al.
(2009) [9] Carbon nanotube synthesis by fluidized bed chemical vapor deposition [14] CNT synthesis over Mo/Co/MgO -The deactivation of catalysts takes place kinetically when the formation rate of the graphene network is smaller than the carbon deposition rate by decomposition of CH4 Ni et al. (2006) [15] CNT synthesis by the CVD process
Chemical kinetics model -The deposition temperature and the deposition pressure show a decreasing trend with an increase of furnace temperature up to 1000 K -The deposition temperature decreases with reaction time. The deposition pressure is found to remain constant at the initial stage, and then decreases as time progresses.
-All deposition parameters show a decreasing trend with increase of volumetric flow rate Raji et al. (2011) [16] then sweeps the carbon atoms from the high temperature zone to the colder copper collector on which they condense into CNTs [76] . CVD techniques [77 -86] achieved considerable attention among the different synthesis methods because the orientation, alignment, length, diameter, purity and density of CNTs can be precisely controlled in this method. The CVD process is a cheap and simple method, and hence is often analyzed theoretically as well as experimentally. CVD synthesis is achieved by using a carbon source in the gas phase (precursor) and employing an energy source, such as plasma or a resistively heated coil, to transfer energy into the gaseous carbon molecule. Commonly used gaseous carbon sources include methane, carbon monoxide and acetylene. CNT synthesis is essentially a two-step process, consisting of a catalyst preparation step followed by the actual synthesis of the nanotubes. The temperature for the synthesis of nanotubes by CVD is generally within the range of 650 -1000 ° C. The energy source is used to crack the carbon molecule into reactive atomic carbon. Then, the carbon diffuses towards the substrate, which is heated and coated with a catalyst (usually a first row transition metal such as Ni, Fe or Co) where it will bind. CNTs will be formed if proper parameters are maintained. Typical yield of CNTs in CVD is approximately 30 % . Recently, different techniques for CNT synthesis using CVD have been developed, such as plasma enhanced CVD, thermal chemical CVD, aero gelsupported CVD, laser assisted CVD, etc. Plasma enhanced CVD utilizes a plasma to enhance chemical reaction rates of the precursor. Plasma enhanced CVD processing allows deposition at lower temperatures, which is often critical in the manufacture of semiconductors. Aero gel-supported CVD is a CVD process in which the precursors are transported to the substrate by means of a liquid or gas aerosol, which can be generated ultrasonically. Laser is used as a heat source for thermal reactions in the laser assisted CVD process.
Chemical kinetic modeling
Several recent investigations have been focused on understanding the nucleation and growth of CNTs. Scott and Smalley [1] used a lumped cluster model to investigate the effect of carbonyl bond, metal cluster dissociation and evaporation rates on predictions of nanotube production in the high pressure carbon monoxide process (HiPco). In this method, SWCNTs have been produced in a gas-phase catalytic process. Catalysts for SWNT growth Table 1 (Continued)
Table 2
Summary of molecular dynamics simulations of carbon nanotube synthesis. Investigation
Features of simulation
Observations and conclusions
References
Fullerene formation process Potential: Brenner, integration: velocity Verlet, Δ t = 0.5 fs -Fullerene like caged structure obtained when the control temperature was maintained in the range of 2500 -3000 K -Graphitic sheet structure obtained for lower temperature Yamaguchi and Maruyama (1998) [17]
Formation process of SWNTs Potential: Brenner, integration: velocity Verlet, Δ t = 0.5 fs -Formation of SWCNT and C-C, M-C, M-M interaction, collision will yield tubular structure Murayama and [18] Formation of SWCNTs by the CCVD method Potential: Brenner, integration: velocity Verlet, Δ t = 0.5 fs -When the catalytic cluster reaches saturation with C atoms, hexagonal networks are formed Shibuta and Maruyama (2003) [19]
Study of the carbon-catalyst interaction energy for multi-scale modeling of SWCNT growth Potential: Brenner, integration: velocity Verlet, Δ t = 0.5 fs -The total M-C interaction energy will depend on the contact angle between substrate and catalyst Shibuta and Elliot (2006) [20] Bond-order potential for transition metal carbide cluster for the growth simulation of a SWCNT Potential: Brenner modified potential, integration: velocity Verlet, Δ t = 0.5 fs -Clustering process of transition metal to form SWCNTs -Parameter set for transition metal carbide cluster is developed -Graphitic lattice interacts more strongly with Co than Fe atoms implies that the difference in the graphitization ability may reflect the ability of a metal as a catalyst [21]
A molecular dynamics study of the effect of a substrate on catalytic metal clusters in the nucleation process of SWCNTs Potential: Brenner modified potential, Lennard-Jones potential integration: Velocity Verlet, Δ t = 0.5 fs -If the substrate-catalyst interaction is strong, layered structure parallel to the sub will form, otherwise independent of orientation Shibuta and Maruyama (2007) [22] A molecular dynamics study of the graphitization ability of transition metals for catalysis of CNT growth via CVD Potential: Brenner modified potential, Lennard-Jones potential integration: velocity Verlet, Δ t = 0.5 fs -Nucleation will easily occur on the low C-M interaction energy surface Ni < Co < Fe Shibuta and Elliot (2009) [23] Nucleation and growth of SWCNTs Potential: empirical potential energy surface, Δ t = 1 fs -The nucleation mechanism of graphene sheets, SWNTs and three-dimensional soot-like structures were observed -The simulations also reveal other details of the growth mechanism. The growing SWNT maintains an open end on the FeC particle due to the strong bonding between the SWNT end atoms and the particle form in situ by thermal decomposition of iron pentacarbonyl in a heated flow of carbon monoxide at pressures of 1 -10 atm and temperatures of 800 -1200 ° C. The reaction rate constants in the model were based on bond energies of the iron and nickel species. The principal metric for evaluating the models was the mole fraction of CO 2 produced during the reaction, which is a measure of the total production of SWCNTs. It was revealed that the production of CO 2 is significantly greater for FeCO because of its lower bond energy compared with NiCO. The dissociation and evaporation rates of atoms from small metal clusters have a significant effect on CO 2 production. Further, the HiPco technique for producing SWCNTs with the use of a chemical reaction model coupled with the FLUENT code was also analyzed [2] . Iyuke et al. [3] used the LangmuirHinshelwood mechanism to study the catalytic graphitization of carbon to CNTs from C 2 H 2 and graphite using the catalytic CVD (CCVD) method. Optimum production rate of 8.2 mg/s was attained at 1110 ° C with an acetylene feed of 4725 ppm. The influences of hydrogen flow rate and acetylene concentration on the rate of production of CNTs were obtained. The effect of gas pressure on the species distributions and nanotube growth rate under specific conditions of synthesis of SWCNTs by the arc discharge method were studied by Hinkov et al. [4] , as shown in Figure 1 A, B. They developed a model that included species, momentum and energy equations in the conditions of nanotube growth in the arc and demonstrated that the forms of carbon can be grown over a wide range of arc parameters. The results suggested that pressure plays an important role in chemical gas phase during nanotube and fullerene condensation from small carbon clusters. Chemical kinetics considerations reported by Gopinath and Gore [5] for post-flame synthesis of CNTs in premixed flames using a support catalyst showed that the yield of multi-wall carbon nanotubes (MWCNTs) varied with the equivalence ratio of the fuel-air mixture. Chemical kinetics calculations also revealed that the gas phase mixture leading to CNT growth was not in partial equilibrium even for the water-gas shift reaction [87] . Therefore, it was concluded that the equilibrium composition should not be used to develop CNT growth theories.
Celnik et al. [6] combined the models for particleparticle interactions, sintering and incipient nanotube growth to study nanotube growth processes through carbon monoxide disproportionation and hydrogenation. A first incipient model proposed allows nanotubes to form, once a catalyst particle reaches the saturation condition, whereas a second one only allows nanotubes to form on the collision of two saturated particles. Further research by Pirard et al. [7] focused on obtaining a better Growth rate of carbon filaments during methane pyrolysis on an iron catalyst Kinetic-thermodynamic approach -Found that the filament growth rate strongly depends on gas phase chemical composition Investigations by Khedr et al. [8] revealed that crystal size of iron oxide, decomposition temperature and time have significant effects on the percentage yield of CNTs deposited through acetylene decomposition. Their results are shown in Figures 2B and 3 A. These results revealed that both crystal size of iron oxide and decomposition temperature have a significant effect on the percentage yield of carbon deposited. The yield was found to increase by decreasing crystal size of the catalyst and increasing decomposition temperature to a certain limit. The maximum yield of carbon deposited was obtained at a decomposition temperature of 600 ° C, over nanosized iron oxide catalyst with an average crystal size of 35 nm.
Stadermann et al. [9] presented a quantitative model that showed how accumulation of amorphous carbon patches at the catalyst particle surface and carbon diffusion to the growing nanotube perimeter causes an abrupt growth cessation. In their studies, the effect of partial pressures of ethylene and hydrogen on the driving force for ethylene decomposition was used to explain the nonlinear behavior of the growth rate as shown in Figure 3B .
Phillippe et al. [10] presented a modified version of the bubbling bed model by Kato and Wen to represent MWCNT synthesis through catalytic CVD in a fluidized bed. This model allowed predicting the relationships of the main operating parameters on the weight of CNTs, as shown in Figures 4 A, B and 3C. The numerical tool introduced by them could help to better control the time evolution of the process behavior, in terms of fluidization regime, mean diameter of grains or expanded bed height. An increase of reactor diameter provides better interphase contacts due to lower bubble diameters, relatively to reactor diameter, and enhances process productivity in MWCNTs and selectivity regarding ethane and methane.
Wirth et al. [11] analyzed the diffusion limited growth of vertically aligned CNT forests and observed a pressure dependence of the form P 0.6 and activation energies less than 1 eV. They interpreted the process as a growth rate limited process by carbon diffusion in the catalyst, preceded by a pre-equilibrium of acetylene dissociation on the catalyst surface. The pressure dependence of the initial growth of CNTs was obtained, as shown in Figures 2C  and 1D . A phenomenological kinetic model was developed by Latorre et al. [12] , which included all relevant steps involved in CNT growth by catalytic CVD, namely, carbon source decomposition, nanoparticle surface understanding of the elementary steps involved in the production of CNTs so as to derive a phenomenological kinetic model. They found that the best models involved [7] , (B) Khedr et al. [8] , (C) Wirth et al. [11] , (D) Kwok et al. [13] , (E) Raji et al. [16] , (F) Samandari-Masouleh et al. [14] . Reproduced with permission from Elsevier (A, B, D, E) and the American Chemical Society (C, F). carburization, carbon diffusion, nucleation, CNT growth and growth termination by catalyst deactivation or by the effect of steric hindrance. A recent investigation on the temperature and time dependence of SWCNT growth by CVD performed by Kwok et al. [13] identified SWCNT growth within a relatively narrow temperature window of 700 -850 ° C, with an optimum growth time of 35 min for the cold wall reactor and 75 min for the quartz tube reactor. It was also revealed from the G/D band ratio of the Raman spectrum that when the temperature increased and time progressed, the diameter of the nanotube increased, as shown in Figures  2D and 3D . Samandari-Masouleh et al. [14] developed an improved model for growth of MWCNT arrays in a floating catalyst (FC) reactor, which revealed the influence of various operating conditions, such as temperature, catalyst concentration in the feed and xylene concentration, as shown in Figures 2F and 4C . It was shown that the longest CNTs can be achieved in the temperature range of 825 -875 ° C. Increase in the concentration of both xylene and ferrocene resulted in an increase of the average height of CNTs. Ni et al. [15] conducted a kinetic study of CNT synthesis over Mo/Co/MgO catalysts. Recently, Raji et al. [16] developed a chemical kinetic model to describe the dependency of operating parameters on the deposition condition of growth of CNTs, which yielded results as shown in Figures 2E and 3E . This model, which was followed by a discrete computational analysis also, will be described in some detail later in this paper.
Discrete computational modeling
Extensive investigations have been reported in the literature on the formation mechanism of CNTs and fullerenes, adopting different methods for theoretical analysis. Yamaguchi and Maruyama [17] described the formation of the fullerene molecule with temperature control schemes utilized in molecular dynamics. It was found that the characteristic " caged structure " could be obtained when the control temperature is kept in the range of 2500 -3000 K. A similar temperature control methodology was adopted by Maruyama and Shibuta [18] to analyze the formation mechanism of SWCNTs, initiating the simulation from randomly distributed carbon and nickel atoms. It was suggested that the collision of imperfect random-cage clusters led to an elongated tubular cage structure, as shown in Figure 5 A. Shibuta and Maruyama [19] further investigated the stage-wise formation process of SWCNTs using molecular dynamics (MD) simulation and observed that when the catalytic cluster becomes saturated with carbon atoms, hexagonal networks are formed, both inside and on the surface of the cluster, leading to their precipitation on the surface and edges of the cluster, as shown in Figure 5B .
A multi-scale model for simulation of CNTs was presented by Shibuta and Elliot [20] , which showed that total interaction energy between the metal cluster and the graphene sheet (which develops into the CNT) depended on the contact angle, as shown in Figure 5C . In their method, as shown in Figure 6 B, information from an ab initio quantum level energy calculation was first mapped onto the classical MD scale by constructing an empirical potential function. Then, the parameterization of a Metropolis Monte Carlo simulation was done using the input from the MD simulation. It was found that the contact angle of the metal cluster on the substrate is proportional to the binding energy of the potential function representing the interaction between the metal cluster and the substrate.
Shibuta and Maruyama [21] also investigated the clustering process of carbon atoms with small metal clusters of iron and cobalt with a modified bond-order type (Brenner) potential function. Figure 7 A presented by them shows that graphitic lattices interact more strongly with cobalt atoms than with iron atoms so that the number of cobalt clusters increases approximately twice as fast as the iron clusters. Based on these observations, Shibuta and Maruyama [22] described the effect of the substrate on catalytic metal clusters in the nucleation process of SWCNTs. They found that during the clustering process of carbon atoms via a nickel cluster on a substrate, a layered structure of FCC (111) was formed parallel to the substrate, and graphene was also generated parallel to the layer in case of strong catalyst-substrate interaction. It was also inferred that the orientation of nickel cluster was not affected by the substrate in case of weak interaction. The number of hexagonal rings in the cluster on the substrate with strong catalyst-substrate interaction was found to be increased approximately twice as fast, compared with the case with weak interaction, as shown in Figure 7B . Shibuta and Elliot [23] extended this work and investigated the graphitization ability of several transition metals used as catalysts for CNT growth in CVD. It was found that nucleation occurs more easily on surfaces with lower interaction energy, which has good epitaxy with the graphene layer which is formed in the process. Moreover, the interaction energy between an iron cluster and the graphene sheet was found to be higher than that for clusters comprising cobalt or nickel, as shown in Figure 6B . Ding et al. [24] presented a different method to model the nucleation of CNTs. They used empirical potential energy surfaces to study iron-catalyzed nucleation and growth of SWCNTs. The simulations showed that SWCNTs grow form iron-carbide particles at temperatures between 800 and 1400 K, grapheme sheets encapsulate at a temperature below 600 K and soot-like particles form at temperatures above 1600 K. They divided the nucleation process of these carbon structures into three stages: (i) at short times the FeC particle is not saturated in C and
Figure 5 Nucleation and growth of carbon nanotubes presented in several investigations (MD simulation). These results mainly focus on the dependence of the size of catalyst particle on nanotube growth. (A) Maruyama and Shibuta [18] , (B) Shibuta and Maruyama [19] , (C) Shibuta and Elliot [20] , (D) Ding et al. [27] , (E) Page et al. [33] , (F) Ohta et al. [35] , (G) Banerjee et al. [38] , (H) Ribas et al. [40] , (I) Burgos et al. [44] , (J) Neyts et al. [45] , (K) Neyts et al. [46] . Reproduced with permission from Elsevier (A, B, C), the American Institute of Physics (D, G, H) and the American Chemical Society (E, F, I, J, K).
all C atoms are dissolved in the particle; (ii) at intermediate times the FeC cluster is highly supersaturated in C and carbon strings, polygons and small graphitic islands nucleate on the cluster surface; (iii) at later times the FeC cluster is supersaturated in C and, depending on the temperature, the graphene sheet, SWCNT, or the soot-like structure grows, as shown in Figures 7C and 8 A. Ding et al. [25] also studied the role of the catalyst-particle temperature gradient in SWCNT growth from small particles. The investigation revealed that although the temperature gradient may be important for the growth of carbon species from large metal particles, according to MD simulations, this is not required for the growth of SWCNTs from small catalytic particles. Further studies [26] confirmed that the concentration gradient is more important than the temperature gradient for the growth of SWCNTs on small metal particles. The effect of catalyst particle size on CNT growth was also investigated by Ding et al. [27] using a potential energy surface-based potential in MD.
They simulated the domain with carbon atoms and iron cluster, containing 10 -200 atoms. Figure 5D shows that larger clusters of metal atoms containing at least 20 iron atoms nucleate SWCNTs having better tubular structure than those nucleated from smaller clusters. The investigation also revealed the dependence of the SWCNT diameter on the iron cluster diameter. Ding et al. [28] also described the nucleation of bamboo-like CNTs based on an empirical potential energy surface. The simulations revealed that the inner walls of the bamboo structure start to nucleate at the junction between the outer nanotube wall and the catalyst particle. Amara et al. [29] studied the nucleation of carbon caps on small nickel clusters using a tight-binding model coupled to grand canonical Monte Carlo simulations and found that an optimal chemical potential window exists for the carbon atom, to nucleate nanotube caps whose curvature matches with the local curvature of the catalyst particles. The solubility of carbon atoms in the outermost Ni layers depends on the initial state of the catalyst (crystalline or disordered) and on the thermodynamic conditions. Amara et al. [30] further presented tight-binding Monte Carlo simulations of the interactions of carbon structures with Ni (100) surfaces. Their calculations showed that during the first stages of the nucleation, the incorporation of defects and the anchoring of carbon atoms to the surface are energetically favorable. It was also found that for curved structures, the formation of Ni-C bonds is more efficient, and that C atoms prefer to be located in semioctahedral sites of Ni present on the surface. Amara et al. [31] presented a model based on approximations, which provided an efficient tool to calculate the bonding energies in the Ni-C system and investigated the variation of the calculated energy of dissolution with the size of super cell. This model can be easily generalized to other metalcarbon systems.
A new method, named the reactive force field (ReaxFF) strategy, to study the activity of Cu, Co and Ni metal atoms for initiating nanotube growth was proposed by Nielson et al [32] . It was found that this method reproduces the quantum mechanical (QM) reaction data with good accuracy while also reproducing the binding characteristics of Co, Ni and Cu atoms to hydrocarbon fragments. The investigation suggested that the presence of Co and Ni lead to substantial amounts of branched carbon atoms, and eventually to the formation of CNTlike species. The results also suggest that Ni and Co catalyze the production of nanotube-like species, whereas Cu does not.
Page et al. [33, 34] , Ohta et al. [35 -37] and Banerjee et al. [38] have performed several density functional theory based tight-binding MD simulations to investigate the mechanisms and kinetics of cap formation and healing of defects. In the simulation presented by Page et al. [33] , the gas-phase carbon atoms were supplied to the carbon-iron boundary of a model C 40 -Fe 38 complex at different rates. A lower rate of carbon supply was observed to promote SWCNT growth, compared with a higher rate, for the same number of carbon atoms supplied. Higher carbon supply rates tended to result in the encapsulation of the Fe 38 cluster by the extended sp 2 carbon cap, due to a saturation of pentagon and heptagon defects. The greater tendency for hexagon formation at a lower carbon supply rate was attributed to the relative rates of defect removal and addition from the sp 2 carbon cap during the growth process, as shown in Figure 5E . The defect removal process of the sp 2 carbon cap was inferred to occur due to ring isomerization. Figure 7D shows the ring counting and cap height statistics of the trajectories. The healing mechanisms observed in this investigation suggest a possible pathway to control the ( n , m ) chirality of a nascent SWCNT during the growth process. Investigations have been presented by Page et al. [34] on the mechanism and kinetics of SWCNT nucleation from iron carbide and nickel carbide nanoparticle precursors, using QM/MD methods. The dependence of the nucleation mechanism and its kinetics on environmental factors, including temperature and metal-carbide carbon concentration, has also been elucidated, as shown in Figure 8B . It was observed that SWCNT nucleation occurred via three distinct stages, namely, the (A) Shibuta and Maruyama [21] , (B) Shibuta and Maruyama [22] , (C) Ding et al. [24] , (D) Page et al. [33] , (E) Ohta et al. [35] , (F) Ohta et al. [37] , (G) Burgos et al. [44] . Reproduced with permission from Elsevier (A, B) and the American Chemical Society (C, D, E, F, G). Ohta et al. [35] demonstrated the rapid growth behavior of a nanotube on an iron cluster using QM/MD simulations, using a similar methodology as discussed in [34] . By providing an abundant, targeted supply of C atoms around the C-Fe interface of a nanotube-Fe model cluster, they observed prompt insertion of the incident C into the C-Fe boundary to form short bridging C-and C 2 -extensions of the nanotube and the Fe cluster. The repetitive insertion and subsequent formation of bridging sp hybridized carbon fragment results in the rapid 1000, 1500 and 2000 K and revealed fastest growth at 1500 K, although the differences were moderate. In the observed growth process, formation of polyyne chains at the rim of the nanotube-metal interface efficiently initiates pentagon/hexagon/heptagon ring formations in the carbon sidewall, leading to a " lift-off " of the nanotube from the metal cluster. At 1000 K, the SWCNT lift-off was found to be suppressed, despite the fact that the total number of created rings in the nanotube was comparable to that at 1500 K. In addition, relatively long polyyne chains were found to form extensions from the carbon sidewall to the metal cluster at 1000 K, whereas at 2000 K, deformation of the nanotube was found to become more pronounced, setting in an effect of narrowing of diameter. Consequently, polyyne chains at the rim of the nanotube were found to easily dissociate at this high temperature. These physical and chemical behaviors at 1000 and 2000 K could be considered as inhibiting factors preventing efficient growth of the nanotube. Ohta et al. [37] have performed nonequilibrium, density functional tight-binding MD and revealed the time dependency of the growth process of CNTs, as shown in Figure 7F .
Banerjee et al. [38] reported investigations on catalyzed growth modes of CNTs using the atomistic simulation method. A result obtained by these authors is shown in Figure 5G . The MD results also indicated that the magnitude of energy gain encountered in catalyzed CNT growth is smaller than the surface interaction energy for Fe, and that the converse is true for Ni as shown in Figure 8D . The results also suggested that the Ni catalyst nanoparticles are conducive for the tip growth, whereas Fe nanoparticles promote the base growth. Investigations revealed that a phenomenological time scale is insufficient to characterize the nature of the growth mode.
Gomez-Gualdron and Balbuena [39] employed the density functional theory to investigate the influence of metal cluster-cap interactions on the catalyzed growth of SWCNTs, in simulations to investigate the nucleation on metal catalyst particles. Electrostatic potential maps, atomic charges and electronic density of states were analyzed for the individual caps and cluster, and for the cap/ cluster coupled system, to detect changes triggered by the cap/cluster interactions, as shown in Figure 6C . It was observed that the metal cluster becomes oxidized and significant changes happen in its geometry; such changes were dependent on cap chirality. Among other findings, the results suggested that armchair and near-armchair systems should be the most favored configurations when the growth mechanism is dominated by reactions such as C 2 addition to the cap rim atoms.
formation of five-, six-, seven-and sometimes even eight-membered rings which contribute to the continued growth process of the nanotube on the Fe cluster, as shown in Figure 5F . They also determined the time dependency on the length of the nanotube as shown in Figure 7E . In a subsequent work [36] , the temperature dependence of iron catalyzed, continued SWCNT growth on an iron cluster was described, as shown in Figure  8C . The simulations were performed at temperatures of Ribas et al. [40] studied nanotube nucleation, varying the adhesion strength (W ad ) of the graphitic cap to the cata lyst and temperature, as shown in Figure 5H . The results clearly showed that a weak W ad , sufficient thermal kinetic energy (high temperature) or fast diffusion of C favor CNT nucleation. In particular, below 600 K, carbondiffusion on the catalyst surface limits the growth, but at higher temperature, the growth fully depends on cap liftoff. Irle et al. [41] presented a brief review of MD simulations of SWCNT formation, which mainly focused on the role of metal catalyst particles in the process. They concluded that the use of a quantum potential is essential for a qualitatively correct description of the catalytic behavior of the metal cluster.
Borjesson and Boltan [42] also used density functional theory calculations to study the effect of nickel carbide catalyst composition on CNT growth. Total energies and adhesion energies between CNTs and nanoparticles were calculated for systems where nanoparticles were either pure Ni or nickel carbide, as shown in Figure  6D . It was found that the adhesion between the CNT and a pure Ni cluster is stronger than that between the same CNT and a nickel carbide cluster, although the energy difference was small compared with total adhesion energies. This adhesion strength implies that CNTs are likely to remain attached to both pure Ni and nickel carbide clusters and that either pure Ni or nickel carbide clusters may be docked onto the open CNT ends to achieve continued growth or electronic contacts between CNTs and electrode materials. The system with a CNT attached to a pure Ni cluster was found to be energetically favored compared with a system containing the same CNT attached to nickel carbide. Burgos et al. [43] used reactive MD simulations to analyze how the catalyst particle size and the strength of adhesion between the surface and the nascent carbon structures may affect the growth process. The MD simulations results illustrated that the work of adhesion must be weak enough so that the curvature energy of a spherical fullerene is less favorable than that of a SWCNT with the same diameter, to allow the cap-lifting process to take place. A simple model combining curvature energy and kinetic effects was found to help in identifying regions of SWCNT growth in the phase space defined by work of adhesion, temperature and catalyst size, as shown in Figure 9 A.
Further investigations were reported by Burgos et al. [44] on the effect of the metal-substrate interaction strength on the growth of SWCNTs, to obtain results as shown in Figures 7G and 6E . It was found that the strength of the catalyst/substrate interaction energies defines the shape of the catalyst particle, as shown in Figure 5I . When these energies are attractive, the nanocatalyst height decreases due to enhanced wetting and in turn favors the lifting up of CNT caps during the synthesis process. In addition, the presence of an appropriate substrate may avoid catalyst poisoning. This effect was understood to result from repulsion forces from the substrate towards the catalyzed carbon atoms, which would cause carbon atoms to diffuse to upper layers, keeping the catalystsubstrate interface exposed to continuous catalytic activity. However, very strong metal-substrate interactions may produce complete wetting, thus promoting the formation of graphene or amorphous carbon over CNT-like structures. Neyts et al. [45] presented a novel way to simulate the growth process of SWCNTs taking into account relaxation effects by coupling deterministic MD simulations to stochastic uniform acceptance force biased Monte Carlo simulations. Using this novel approach, a CNT with definable chirality is obtained, and a step-by-step atomistic description of the nucleation process is also described, as shown in Figure 5J . It was shown how the nucleation process proceeds by the initial formation of dimers, trimers and short chains followed by the formation of the first rings are given in Figure 9B . Graphitic islands originate from the presence of long surface chains, which subsequently coalesce into large islands that develop into small SWCNT caps. Continued addition of carbon to the metal cluster leads to tube growth by a root growth mechanism. Furthermore, it was shown how metal atoms may detach from the rest of the metal cluster during graphitic island formation, leading to a tip growth mechanism. Including relaxation effects in the simulation allowed for metal mediated healing of defects, leading to a relatively defect-free cap structure. This methodology was extended further [46] to investigate the growth mechanism and chirality formation of CNTs on a surface bound nickel nanocluster. The force field used in the simulation was ReaxFF, and relaxation effects were taken into account by coupling the MD simulations to the Monte Carlo simulations. It was observed that the carbon network is restructured through a metal mediated process. During this process, many topological defects are healed and chirality is observed to change. After the restructuring process was completed, a metallic armchair SWCNT was found to emerge, as shown in Figures 5K and 9C . It was also observed that encapsulation of the nanocatalyst is prevented by a migration of the entire carbon network over the metal surface. These calculations demonstrated for the first time, the simulated growth of an armchair SWCNT with a definite chirality on a surface bound catalyst. Analysis of the dynamics of SWCNT chirality during SWCNT growth with the local chirality index (LOCI) method presented by Kim et al. [47] for chiral angle analysis revealed that SWCNT defect healing is a necessary, but not sufficient, condition for chirality controlled SWCNT growth.
Other modeling methods
Grujicic et al. [48] applied a theoretical model involving laminar boundary layer flow, heat transfer, gas-phase chemistry and surface chemistry to analyze the CVD of CNTs from methane and hydrogen in the presence of cobalt as catalytic particles in a cylindrical reactor. The model allows determination of gas phase fields for temperature, velocity and species concentration, as well as surface coverage, the CNT growth rate and deposition rate of amorphous carbon. The rate of deposition of carbon along the reactor length is shown in Figure  10 A. Kuwana et al. [49] applied a computational fluid dynamics (CFD) model with multi-step chemical reactions to predict the yield of MWCNTs produced from a xylene-based CVD reactor. They developed a laboratoryscale two-step CVD reactor that can synthesize MWCNTs and measured a total yield of nanotubes with a microbalance. They predicted the total yield and deposition rate of nanotubes over different time periods, as shown in Figure 10B . In a subsequent paper, Kuwana and Saito [50] presented a two-equation model that can predict the formation of iron nanoparticles from ferrocene fed into a CVD reactor. The model, combined with an axisymmetric two-dimensional CFD simulation, included the mechanism of nucleation and surface growth of an iron particle and bi-particle collision. The model predicted that the diameter of a particle will increase with an increase in the reaction temperature or the radial distance from the center of the reactor, as shown in Figure  10C . Kuwana et al. [51] used a series of computational calculations to understand the gas-phase reactions of xylene, a typical feedstock for CNTs. They combined a xylene reaction model and a soot formation model, and calculated the isothermal pyrolysis of xylene to investigate the gas-phase species during the CVD synthesis of CNTs. Their model showed that xylene and toluene were the major gas-phase species at temperatures lower than 973 K, implying that nanotubes were formed through the interaction between catalyst and xylene and/or toluene at these temperatures. At higher temperatures, however, a considerable amount of acetylene was found, which was likely to enhance the growth of polycyclic aromatic hydrocarbons and soot as observed at 1373 K. Endo et al. [52] presented a CFD model to predict the production rate of nanotubes via catalytic decomposition of xylene in a CVD reactor. In this model, two gas-phase reactions and four surface reactions were considered. This model predicted uniform velocity and temperature distributions in the furnace region and also the total production rates of CNTs, as shown in Figure 10D , E. Alekseev [53] proposed Figure 10 Influence of temperature, concentration and reactor length on deposition rate, diameter, total production rate and maximum temperature (CFD model and thermodynamic model). (A) Grujicic et al. [48] , (B) Kuwana et al. [49] , (C) Kuwana and Saito [50] , (D, E) Endo et al. [52] , (F) Kaatz et al. [55] . Reproduced with permission from Elsevier (A, B, C, D, E) and the American Institute of Physics (F). a model, which had a combination of thermodynamics and MD, and enabled quantitative description of the conditions for the formation of SWCNTs and MWCNTs, as well as the encapsulation of catalyst particles.
Klinke and Kern [54] developed a thermodynamic model to study the influence of temperature on the growth rate and radius of CNTs. Kaatz et al. [55] developed a thermodynamics model for CNT formation to explain the total carbon deposition as a function of time and temperature as shown in Figure 10H . Sanjabi and Bayat [56] have developed a thermodynamics model to calculate the critical and stable sizes of various elemental catalyst nanoparticles (Mo, Fe, Co, Ni and Au) formed from their nanofilms during the growth of CNTs. Krestinin et al. [57] used a kinetic-thermodynamic approach to describe growth rate of carbon filaments during methane pyrolysis on an iron catalyst.
Validation of models
To verify simulation results, investigators have compared them with experimental results. Shibuta and Maruyama [22] compared the total production rates for four different inlet xylene concentrations and observed that the prediction matches with experiments with an accuracy better than 90 % , as shown in Figure 10E . Maruyama and Shibuta [18] experimentally determined carbon deposition rates and CNT growth rates at different processing conditions to validate their model, as shown in Figure  10A . Kuwana et al. [49] have compared the total predicted yield of nanotubes over six different time periods, with experimental results as shown in Figure 11 A. Celnik et al. [6] used their inception model to investigate the variation of CNT diameter with rate constants and compared the results with experimental findings as shown in Figure 11B . The comparison indicates a good prediction of the nanotube dia meter. Kwok et al. [13] plotted the time-dependent theoretical results and compared those results with experiments as shown in Figure 2E . Raji et al. [16] compared the theoretically predicted yield of CNTs with experimental results in an acetylene-based CVD system, as shown in Figure 11C . The overall estimated root mean square (RMS) deviation between the predication and experimental results was found to be 14.85 % for the complete temperature range of analysis between 700 ° C and 950 ° C.
Some ongoing investigations
Recent investigations in the authors ' laboratory are focused on developing a two-stage model for synthesis of CNTs by CVD. This enables prediction of the parametric influences in the process through a quasi-equilibrium approach. The two-stage model involves transient chemical kinetics modeling [16] of the vapor deposition process to predict the transient deposition parameters and the time-dependent yield, and a molecular simulation of the CNT with a quasi-equilibrium assumption at intermittent time steps utilizing the computed parameters to obtain the dimensions of the nanotubes produced. The computational results have been benchmarked with the yield of CNTs obtained from an experimental synthesis, as well as with the average nanotube diameters, obtained 
Figure 11
Comparison of theoretical results with experimental findings. The major benchmarking parameters used are yield, production rate and length of carbon nanotubes. (A) Kuwana et al. [49] , (B) Celnik et al. [6] , (C) Raji et al. [16] . Reproduced with permission from Elsevier.
from transmission electron micrographs of synthesized samples. The modeling methodology is briefly explained here.
Chemical kinetics model
A series arrangement of plug flow and batch reactors is assumed to model the reaction phase in the CVD process [16] . This brings into the model both space and time dependency of the formation of the CNT. It is also assumed that nanotube formation follows the VLS (vapor-liquidsolid) growth mechanism [88] . Acetylene decomposition, iron carbide formation and iron carbide decomposition reactions are given by Eqs. (1), (2) and (3). It is understood from the literature [89 -96] that the crude CNTs produced consist of catalytic and amorphous carbon impurities, which is also suggested by the reactions.
For the first two reactions (1 and 2), that is, acetylene decomposition and iron carbide formation reactions, the reactor is considered as a plug flow reactor because feed rate is continuous. For the iron carbide decomposition reaction (3), it is considered as a batch reactor due to the time lag in the process because of the supersaturation of carbon vapor into the catalyst. The design equations for the elementary reactions are obtained by combining the mole balance equation, the rate law, the Arrhenius law and some stoichiometric relations, as explained in detail in a previous publication [16] . The energy balance equations for the elementary reactions are also formulated. The elementary reactions (1, 2 and 3) are assumed to take place individually at an instant of time, so that the heat transfer can be incorporated in a simple manner. The heat transfer coefficient is calculated using a correlation for the Nusselt number, first utilizing the thermophysical properties at an assumed temperature, based on the optimum temperature for CNT formation in the CVD processes, which is then corrected iteratively. The design equation and the energy balance equation are solved to obtain deposition temperature. Deposition pressure is calculated using the ideal gas law and the number of atoms is estimated using the moles relation [16] . The overall effects of the furnace temperature and the volumetric flow rate on the cumulative number of atoms produced obtained corresponding to different time instants are shown in Figure 12 A -D. For all furnace temperatures, at every time instant, the cumulative number of atoms produced increases up to a certain point and then becomes invariant with respect to the volumetric flow rate due to the combined effect of the diffusion of the carbon atoms, deactivation of the catalyst and the exothermic and endothermic natures of the different elementary reactions.
Molecular dynamics simulations
In the CVD process, the actual deposition conditions at which CNT growth takes place will be different from the preset values of the initial controllable parameters, due to the chemical reactions occurring inside the furnace. The MD simulations, therefore, will be accurate only if the true deposition conditions are utilized. Hence, in the present work, the MD simulations are performed at the deposition conditions [16] predicted from the chemical kinetics model explained in the previous section. This methodology provides a means to perform the simulation at the deposition conditions calculated based on the initial process conditions. Thus, it avoids the use of special temperature control schemes as used in some of the reported literature [17, 97] and simplifies the molecular simulation scheme. The MD model is developed using an in-house g + + environment and visualization of MD trajectory is done using visual molecular dynamics (VMD) open source software. The mole cular positions determined using the simulation is directly used to obtain the nanotube diameter. The MD simulation assumes a quasi-equilibrium assumption, in that at each of the time instants where the deposition conditions have been calculated using the chemical kinetics model, an equilibrium MD simulation is performed. This reduces the complexity of the MD simulation of the transient process to a large extent.
Simulation methodology
At any time instant, the temperature, pressure and number of atoms produced are constant. This allows the use of an NPT (number of atoms, pressure and temperature) ensemble to be chosen for the MD simulation [98] . The simulation domain consists of carbon atoms and iron atoms. the atoms for simulation. To begin the simulation, the atoms are arranged in a simple cubic structure and are assumed to be at rest. The number of carbon atoms for simulation is taken based on the results from the chemical kinetics model, in the range 100 -1400, corresponding to the deposition temperatures. This is obtained by fixing the minimum number for a CNT structure as 100 [99] and incorporating the percentage increase on top of this, for each deposition condition, as obtained from the chemical model. The Brenner potential, which is a bond-order type potential, is chosen as the interaction potential for carbon-carbon covalent bonding, as well as to describe the carbon-metal (transition metal carbide cluster) and the metal-metal atomic interactions [17, 97 -99] .
To rescale temperature and pressure during the simulation, a simple velocity rescaling thermostat and an Anderson barostat were used, respectively [98] . The simulation time used is 10 ns and the step size in the time evolution algorithm was 1 fs. The cut-off radius used for the interactions is 4 Å. Figure 13 shows the typical structure of a CNT resulting from the MD simulation. Figure 13 corresponds to a case with deposition temperature 973 K, volumetric flow rate 1.6×10 -5 m
Synthesis, characterization and benchmarking
The CNTs synthesized in the present study were grown on ceramic substrates placed in a tubular furnace. The substrate was coated with a thin layer of iron oxide, which acts as the catalyst, using a vacuum coating apparatus. The substrate, after the growth period, was taken out of the furnace, the products scraped from it, and purified to separate out the CNTs. A detailed description of the experimental set-up, the synthesis and purification process [89 -96] have been presented in an earlier publication [88] . To benchmark the theoretical results for the parametric effects on the diameter, CNTs were prepared at the operating conditions used in the chemical kinetics model, as MD calculations have been performed at deposition conditions corresponding to these. The CNTs synthesized were characterized using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). To obtain the average diameters of the CNTs produced under various conditions, TEM images were taken using a Hitachi H7650 TEM system, as shown in Figure 14 . This experimental result for yield and diameter of CNTs is compared with the corresponding values calculated from the models.
The experimental results for the yield of the product, for nine different furnace temperatures, are compared with the corresponding values calculated from the model, as shown in Figure 15 . The overall estimated RMS deviation between the predicted and experimental results was found to be 14.85 % for the complete temperature range of analysis between 700 ° C and 950 ° C. The larger differences at higher temperatures can be attributed to the idealizations applied in the model. The qualitative nature of the variation with respect to temperature, from both the experimental and theoretical results, is found to be similar.
The variation of the diameter of the CNT with the furnace temperature, obtained from simulation at the corresponding deposition temperatures is shown in Figure 16 . The graph corresponds to a constant volumetric flow rate of 1.6×10 -5 m 3 /s for acetylene gas, and a reaction time of 40 min. It is observed that the diameter increases with an increase in furnace temperature and tends to be a constant value at higher temperatures. At higher temperature the nanotube growth is likely to retard, either due to diffusion resistance or due to poisoning of the catalyst [16] , which effects reduce the production of carbon atoms [16] .
Merits and limitations of the methodologies
Various methodologies developed and applied in simulating the growth mechanisms of CNTs have been presented and discussed in the previous sections. The discussions below present a critical examination of these methods, to highlight the relative merits, as well as limitations of these methods. The discussions presented here would be helpful in identifying possible areas of further research in developing similar computational strategies, by incorporating appropriate modifications in the existing models, or through altogether different approaches to overcome the limitations of these models.
Chemical kinetics models
The chemical kinetics models of Scott et al. [1, 2] are able to predict the growth rate of CNTs and iron cluster formation. However, the simulation overpredicted the amount of SWCNTs and carbon dioxide produced, which may be related to the assumed rate coefficients for the formation of SWCNTs. The model presented by Iyuke et al. [3] appears to be one of the best models because it considered all the elementary steps during the graphitization process. Their results compared with experiments with a fairly good degree of agreement. The temperaturedependent scheme presented by Hinkov et al. [4] is found to include several assumptions such as better stability of even clusters than odd clusters, and the existence of carbon clusters up to C 31 as highly active chains, cycles and polycycles.
Even though the Celnik et al. [6] surface interaction particle model is a simple model which can capture all aspects of CNT-particle interactions, it seems to be idealistic in that it does not account for catalyst-particle size or shape in determining the formation of CNTs. The use of a mass spectrometer by Pirard et al. [7] is a novel and precise approach compared with previous studies, although in the experimental side they could only consider true reaction rates with the assumption of a small amount of catalyst and a high flow rate. As a consequence of this, the effects due to the diffusion limitations in the catalyst bed could not be captured.
The empirical correlation developed by Khedr et al. [8] predicted the yield of carbon deposited in terms of initial weight of catalyst, weight loss of catalyst at operating conditions and weight of carbon deposited, although not dealing with detailed modeling aspects. Diffusion limited growth is the main attractive feature of the model developed by Stadermann et al. [9] for the growth of nanotube arrays under controlled conditions. Hence, the tight control over CNT array dimension was possible, which is essential in their incorporation into micro electro mechanical system (MEMS) and nano electro mechanical system (NEMS) devices. The modified version of the bubbling bed Kato and Wen model presented by Phillippe et al. [10] includes additional advantages, as it succeeded in predicting the ethylene reaction rate by considering the axial convection and vertical diffusion in the fixed bed. However, in their model, it was assumed that the fluidized bed is isothermal, and that the bed is represented by a series of compartments whose heights are equal to the mean diameter of the bubbles at the corresponding level. It was also assumed that the bubbles grow by coalescence as they ascend through the bed. The model proposed by Wirth et al. [11] included both molecular dissociation steps and the diffusion process to explain the growth of CNT forests, which presented a novel approach.
The major advantage of the model proposed by Latorre et al. [12] is that it can explain the elementary steps more precisely compared with other models, including the initial carburization-nucleation step, growth termination and catalyst deactivation. This model can be applied to describe a wide variety of experimental kinetics studies of CNT growth by CCVD. Hence, as a promising approach, this model could be effectively utilized to calculate the specific dependence of kinetic parameters on different carbon sources, operating conditions, and types and composition of the catalyst. The Kwok et al. [13] model is transport-limited, but includes details such as the supply of carbon to the catalyst from the gas phase, the diffusion of carbon through catalyst particles and the diffusion of carbon over the nanotube surface, which makes it a good predictive tool. Samandari-Masouleh et al. [14] developed an advanced model with several assumptions, namely the gas is in plug flow in the annular region along the reactor, the temperature profile in the reactor is predetermined, base growth mechanism can be chosen for CNT growth, CNTs are formed on the surface of the substrate by a first order reaction, and amorphous carbon is formed on the nanotubes by a first order reaction. The catalyst deactivation incorporated in the model is found to give precise results. In the model proposed by Raji et al. [16] , the deposition conditions for CNT growth can be obtained using the chemical kinetics model, but the model does not account for the diffusion mechanisms involved in the process.
Discrete models
Yamaguchi and Maruyama [17] could achieve a perfect fullerene structure without introducing any artificial constraints such as particular boundary conditions or initial conditions in order to make the caged structure. This was accomplished by these authors, in their pioneering work, because of the use of the special temperature control scheme. Maruyama and Shibuta [18] could also obtain the graphitization of the formation of SWCNTs without any artificially enforced constraints. A salient feature of the approach is the adaptation of the Brenner potential used for different types of atoms to simulate the growth of SWCNTs. The collision and growth of the nanotube could be obtained by compressing the calculation cell. Shibuta and Maruyama [19] extended these studies, utilizing a more coarse-grained simulation methodology, owing to the computational expense of the ab initio method. This approach was very relevant at the time when the investigations were performed. The remarkable aspect in the work by Shibuta and Elliot [20] was the introduction of a multiscale approach for simulating the nucleation of CNTs. They could reproduce the growth process of SWCNTs over much longer time scales and larger size scale, compared with previous studies. Further, they introduced a modified Brenner potential [21] modeling the different types of interactions involved, and obtained the effect of the substrate on catalytic metal clusters [22] and the graphitization ability of transition metals [23] in the nucleation of nanotubes.
In contrast to earlier studies, Ding et al. [24] were able to predict the VLS growth of CNTs more precisely due to the use of analytical potential energy surface (PES) as the potential function for different atoms. The PES could yield correct phase behavior of the iron carbide system. In addition, the PES could distinguish between dissolved and precipitated carbon atoms. With the help of PES, the authors could also describe the role of the catalytic particle temperature gradient [25, 26] and the influence of catalyst particle size in nanotube growth [27] , and in a bamboo-like CNT formation [28] . The approach and results were novel in this aspect.
Even though it was computationally expensive, Amara et al. [29 -31] put forward a tight-binding Monte Carlo study which enabled the authors to obtain adhesive properties of carbon clusters during the formation of CNTs. Such simulations were long enough in time and capable of capturing the nucleation mechanism of CNTs. Nielson et al. [32] developed a reactive force field (ReaxFF) method, which would be inexpensive, but an effective alternative to QM/MD simulations, for modeling high temperature reaction dynamics. This method is found to be more practical in handling a relevant time scale suitable for simulating the nucleation process, if a proper parameterization against a relevant QM derived training set is possible, which is crucial to obtain accurate results.
In addition to the growth mechanism of CNTs, the simulations presented by Page et al. [33, 34] and Ohta et al. [35 -37] could also describe the rate of defect formation and transition metal catalyzed nucleation during SWCNT growth using self-consistent charge density functional tight binding (SCC-DFTB) MD simulations. By utilizing this method, Page et al. [33, 34] established SWCNT growth [33] and defect healing processes [34] . Ohta et al. [35 -37] revealed the rapid growth of CNTs [35] , temperature dependence of nanotube growth rate [36] and nucleation of the cap [37] in SWCNT growth. The DFTB method is approximately two orders of magnitude faster than the first-principles based density functional theory (DFTB) and therefore enables longer simulations for nonequilibrium dynamics. However, this fails to explain the origin of chirality in SWCNTs grown through the VLS growth mechanism.
In the study presented by Banerjee et al. [38] , using classical MD simulations with adaptive intermolecular reactive empirical bond-order (AIREBO) potential, the tip growth mechanism for the nanotube growth could be obtained. The advantage of using the AIREBO potential is that it includes an adaptive treatment of the non-bonded and dihedral-angle interactions. This also includes the torsional potential through a novel interaction potential, which does not require a fixed hybridization state.
The quantum effect in nanotube growth has been considered in the simulation by Gomez-Gualdron and Balbuena [39] in their ab initio calculations. The methodology utilized DFT with the three-parameter Becke gradient-corrected exchange functional, in conjunction with the Lee-Yang-Parr correlation functional (B3LYP). B3LYP offers the best representation among the single configuration methods, yielding dissociation energies close to those of the best multi-configurational methods. Ribas et al. [40] have used PES in MD simulations. Compared to the ab initio method or tight-binding approximation based MD, the PES-based classical MD simulation is considered less accurate. However, it permits to run trajectories many orders of magnitude longer. As the availability of long enough running times is critical in simulating the SWCNT growth process, this methodology becomes attractive. Another advantage of classical PES is that all the parameters are adjustable, which provides an insight into the role of specific parameters, through the results.
Irle et al. [41] suggested that although it is computationally expensive, the use of quantum potential is essential for the qualitatively correct description of the catalyst behavior of metal clusters. Borjesson and Bolton [42] used first-principles based DFT calculations to study the effect of nickel carbide catalyst composition on nanotube growth. The salient feature of this approach is that it directly gives the total energy and local adhesion energy of the system. Burgos et al. [43, 44] used the most suitable potentials for different types of interactions involved, in their simulations. By this, the realistic modeling of the most important interactions in the synthesis process was possible, which provided a close insight over reaction pathways and at the nucleation and the initial stages of growth. Neyts et al. [45, 46] proposed a hybrid model, which is one of the recently accepted models for nanotube growth. In contrast to other models, their hybrid MD/MC method is found to be capable of explaining the appearance and disappearance of nucleated caps, as well as the changing chirality at the initial growth stage.
Other modeling methods
CFD models are helpful in interpreting the nanotube growth rate, feed stock decomposition, byproduct compositions, transport rates and reaction mechanisms. In a series of papers starting from Grujicic et al. [48] , investigations have been focused on determining process parameters, growth conditions and fabricated material microstructure relationships during the growth of CNTs. It was assumed that CNT synthesis follows the tip growth mechanism. This model was applied to CNT processing by CVD from a methane and hydrogen mixture in the presence of Co particles. The methodology can be readily applied to other CVD systems, so long as the nanotube growth is controlled by the tip growth mechanism. Methodologies have been developed and utilized in a series of papers to study the catalyst deactivation (Kuwana et al. [49] ), catalyst nanoparticle formation [50] and the effect of fluid dynamics [51] based on the global reaction mechanism, based on a simple model to predict surface conditions. The model proposed by Endo et al. [52] is a simple and useful CFD model based on the global reaction mechanism to predict the production rate of nanotubes in a CVD reactor.
A combination of thermodynamic considerations with molecular mechanics calculations, as presented by Alekseev [53] , enables the description of conditions for the formation of SWCNTs and MWCNTs, and for the encapsulation of catalyst droplets, although they do not focus on quantitative determination of the type of nanostructure. Klinke and Kern [54] considered thermodynamic effects, involving both heat and diffusion based on finite element method (FEM), to estimate growth time and growth rate of formation of CNTs. Classical thermodynamic considerations were utilized by Kaatz et al. [55] to explain the total carbon deposition as a function of time and temperature. Their model accounts for the diffusion effect during the reactions. Compared to the earlier thermodynamic approaches, the work presented by Sanjabi and Bayat [56] is different and informative, as it studies the heterogeneous size-dependent thermodynamic parameters such as Gibbs free energy changes to obtain the critical and stable sizes for most of the elements used as catalyst for the formation of CNTs.
Concluding remarks
Since their discovery nearly 20 years ago, CNTs have attracted considerable attention from scientists due to their extraordinary properties and varied application potentials. However, optimal fabrication methods for these structures encounter several challenges. The production of aligned CNTs and the control of their growth are topics which still require extensive investigations. Owing to this, an extensive literature on theoretical or experimental work has been devoted to understanding of the nucleation and growth of CNTs.
In this paper, a review has been presented of the literature dealing with the influence of parameters such as size and type of the catalyst, deposition temperature, volumetric flow rate and reaction time on the structure and the yield of CNTs during CNT synthesis. Theoretical models based on chemical kinetics, MD simulations, CFD, thermodynamic analysis and hybrid methodologies for CNT production using CVD have been reviewed. Different aspects of the growth mechanism and the parameter influences on them, as revealed by theoretical studies and validated by experimental findings have been discussed. A two-stage model using chemical kinetics and a quasi-equilibrium MD simulation for predicting the time-dependent formation of CNTs, developed and validated in the authors ' laboratory has also been described in this paper.
A detailed understanding of the mechanism of CNT formation in the CVD process is essential in optimizing the operational parameters involved. MD and ab initio calculations give an understanding of the basic mechanisms associated with the growth of SWCNTs and MWCNTs in the absence or presence of transition metal catalysts. However, these methods alone would not be sufficient in establishing relationships between fabrication process parameters, and the nucleation and growth conditions at the surface of growing nanotubes, at the bulk level. In essence, these are the conditions which control microstructure, length and spatial ordering of nanotubes. In this regard, CFD and thermodynamic approaches, as well as chemical kinetics models, are fairly useful. However, these methods will not capture the molecular level mechanism involved in the process. The time scales used in the MD simulation are comparable with the time durations involved in the molecular physical phenomena. Therefore, compared with the CFD simulation, due to the presence of time evolution, the MD method can capture the molecular effects in the formation process of CNTs.
Among geometrical parameters, the nanotube dia meter would be a useful benchmarking parameter for discrete models, whereas the yield of CNTs can be used for validating continuum models. In chemical kinetics models, an effective method is to formulate the processes by individually modeling the elementary steps involved during the formation of CNTs. Several investigations have considered diffusion limited growth, and this approach has been found to be a practical route in chemical modeling. In some studies, computational models coupled with thermodynamic approaches have been utilized, which provides a promising methodology to reveal the physics of the system. A review of discrete computation methods reveals that even though quantum mechanical approaches may be computationally expensive, these may be essential to obtain quantum effects and a clear picture of basic mechanisms involved in the formation of CNTs. Multi-scale modeling procedures may also be thought of as efficient tools to capture quantum level effects in a simplified manner. 
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